SM. Maturation of intracellular calcium homeostasis in sheep pulmonary arterial smooth muscle cells.
signaling adapts with maturation. Prominently, serotonin stimulation elicited Ca 2ϩ elevations in very few fetal compared with adult PASMCs; in contrast, phenylephrine elevated Ca 2ϩ in a similar percentage of fetal and adult PASMCs. Serotonin and phenylephrine elicited Ca 2ϩ increases of a similar magnitude in reactive cells of fetus and adult, supporting the assertion that inositol trisphosphate signaling is intact. Caffeine and ATP elevated Ca 2ϩ in equivalent numbers of fetal and adult PASMCs. However, the caffeine-induced cytosolic Ca 2ϩ increase was significantly greater in fetal PASMCs, whereas the ATP-elicited increase was greater in adult cells. Overall, the results of this study demonstrate selective adaptations in receptor-mediated Ca 2ϩ signaling, but not in cellular Ca 2ϩ homeostasis. fura 2; plasma membrane Ca 2ϩ -ATPase; sarco(endo)plasmic reticulum Ca 2ϩ -ATPase; capacitative Ca 2ϩ entry; inositol trisphosphate; ryanodine receptor; ATP; serotonin; caffeine CYTOSOLIC Ca 2ϩ is central to vascular reactivity, with any alteration in the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) affecting arterial tone. In particular, G protein-coupled receptor activation induces arterial contractility through [Ca 2ϩ ] i elevations . Furthermore, receptor stimulation activates Ca 2ϩ -permeable ion channels, which elevates [Ca 2ϩ ] i , and induces smooth muscle excitation-contraction coupling. Arterial smooth muscle cells maintain their [Ca 2ϩ ] i within a narrow range not only to maintain basal tone, but also because large fluctuations can alter vascular tone and receptor-generated reactivity. [Ca 2ϩ ] i is regulated dynamically with equilibrium involving the activities of influx and efflux pathways across the plasma membrane, sarcoplasmic reticulum (SR), and mitochondria. Changes in Ca 2ϩ influx into or efflux from the cytosol will regulate vascular tone (13, 21, 22) . The primary pathways critical to increases in [Ca 2ϩ ] i include voltage-gated L-type Ca 2ϩ channels and nonselective cation channels (NSCC) on the plasma membrane and inositol trisphosphate (IP 3 )-and ryanodine-sensitive receptors, which release Ca 2ϩ from the SR (11, 16) . The major mechanisms that remove Ca 2ϩ from the cytosol include the plasma membrane Ca 2ϩ -ATPase and the Na ϩ /Ca 2ϩ exchanger, through which Ca 2ϩ is extruded into the extracellular space, and the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA), which sequesters Ca 2ϩ into the SR (40) . Capacitative Ca 2ϩ entry (CCE), also known as storeoperated Ca 2ϩ entry, is important in the regulation of myogenic reactivity (4, 30) . Classically, depletion of the SR Ca 2ϩ stores leads to extracellular Ca 2ϩ entry (6). CCE is not only important for the repletion of emptied Ca 2ϩ stores, but it also regulates stimulus-mediated contractility (24) and provides a mechanism to maintain constant Ca 2ϩ elevations in response to multiple stimuli (31) .
Various inflammatory, neural, and humoral mediators modulate vascular contractility by altering Ca 2ϩ homeostasis, and a number of reports suggest that these physiological processes adapt with maturation (2, 9, 14, 17, 23, 27, 28) . With maturation from fetus to adult, the carotid arteries of sheep become more responsive to serotonin (5-HT) (2, 3) . Other studies indicate that prostacyclin synthesis in sheep pulmonary arteries is developmentally regulated (8, 9, 32) . Similarly, ␤ 2 -adrenergic-, nitric oxide-, and atrial natriuretic peptide-mediated relaxation of pulmonary arteries and veins is developmentally regulated in fetal and newborn lambs (14, 20, 36) . Thus, despite considerable evidence suggesting changes in Ca 2ϩ -dependent signaling with maturation in the pulmonary vasculature, the specific changes that occur are not well defined. We therefore tested the hypothesis that cytosolic Ca 2ϩ homeostasis and receptor-generated Ca 2ϩ signaling adapt with maturation in sheep pulmonary arterial smooth muscle cells (PASMCs). In fetal and adult sheep pulmonary arterial myocytes, we tested this hypothesis by examining Ca 2ϩ elevations in response to the vasoactive substances 5-HT, ATP, phenylephrine (PE), and caffeine, as well as the functionality of capacitative Ca 2ϩ influx pathways, plasma membrane Ca 2ϩ extrusion, and SR Ca 2ϩ uptake pathways.
METHODS

Cell isolation.
Smooth muscle cells were isolated from third-and fourth-generation sheep pulmonary arteries. Adult pulmonary arteries were obtained from healthy nonpregnant sheep (18 -24 mo old) of either sex euthanized with pentobarbital sodium (100 mg/kg iv). Fetal pulmonary arteries were obtained from near-term (139 -141 days gestation) fetuses (2.5-4.0 kg body wt), which were delivered by hysterotomy and then euthanized with pentobarbital sodium (100 mg/kg iv). The isolations, which were carried out at Loma Linda University, consisted of dissection of arteries at 5°C to decrease cellular metabolic activity in a low-Ca 2ϩ physiological saline solution (PSS) containing (in mM) 125 NaCl, 5.36 KCl, 0.336 Na2HPO4, 0.44 K2HPO4, 11 HEPES, 1.2 MgCl2, 0.05 CaCl2, 10 glucose, and 2.9 sucrose, with pH adjusted to 7.4 with Tris and osmolarity adjusted to 300 mosM with sucrose. These arterial segments were then shipped overnight on ice to the University of Mississippi. All procedures were reviewed and approved by the Institutional Animal Use and Care Committee of Loma Linda University and the University of Mississippi. Tissue was digested with low-Ca 2ϩ PSS containing (in mg/ml) 0.5 collagenase type XI, 0.03 elastase type IV, and 0.5 bovine serum albumin for 14 -16 h at 4°C using protocols adapted from our previous studies (29, 46) . The tissue was then washed several times with 5°C low-Ca 2ϩ PSS and triturated with a fire-polished Pasteur pipette. The resulting dispersed PASMCs were then stored at 5°C for up to 8 h.
Global Ca 2ϩ measurements. Cytosolic Ca 2ϩ was measured in PASMCs loaded with the ratiometric Ca 2ϩ -sensitive dye fura 2-AM (Molecular Probes, Eugene, OR) using a dual-excitation digital Ca 2ϩ -imaging system (IonOptix, Milton, MA) equipped with an intensified charged-coupled device, as previously described (46, 61). Briefly, cells were loaded with 10 M fura 2-AM for 20 -25 min at room temperature in the dark and then washed for 30 min to allow for dye esterification at 1 ml/min with a balanced salt solution consisting of (in mM) 126 NaCl, 5 KCl, 0.3 NaH 2PO4, 10 HEPES, 1 MgCl2, 2 CaCl2, and 10 glucose (with pH adjusted to 7.4 with NaOH) and osmolarity of 300 mosM. Cells were illuminated with a xenon arc lamp at 340 Ϯ 15 and 380 Ϯ 15 nm (Chroma Technology, Rockingham, VT), and emitted light was collected from regions that encompassed single cells with a charge-coupled device at 510 nm at an acquisition rate of 1 Hz. [Ca 2ϩ ]i was estimated from the ratio of fluorescence excited at 340 nm to fluorescence excited at 380 nm, as described previously (23) using in situ calibration solutions and protocols as previously described (38) . The amplitudes of the increase in cytosolic Ca 2ϩ due to depletion of the SR Ca 2ϩ stores are expressed relative to baseline values. Background fluorescence was collected automatically and subtracted from the acquired fluorescence video images during each experiment. The Ca 2ϩ -free balanced salt solution was prepared by substitution of MgCl2 for CaCl2 and addition of 1 mM EGTA. All experiments were performed at room temperature (22-25°C) .
Chemicals and drugs. Ionomycin-free acid was purchased from Calbiochem (San Diego, CA), and all other chemicals were purchased from Sigma (St. Louis, MO).
Statistical analysis. All curve-fitting and integration routines were performed with IGOR pro 3.0 (Wavemetrics, Lake Oswego, OR). Values are means Ϯ SE. Statistical difference within groups was determined with a two-tailed paired Student's t-test for parametric data and 2 test for nonparametric data. P Ͻ 0.05 was accepted as statistically significant.
The n values reflect the total number of cells tested, as well as the total number of animals. Multiple trials were performed, and cells were isolated from multiple sheep for each experimental paradigm. ] i in PASMCs is maintained even before birth.
RESULTS
Maturation
We then performed experiments to examine whether there might be changes in CCE, which has been shown to be important in proliferation of pulmonary arterial myocytes in culture (41, 42) and, therefore, might be important in the developing lung. The experimental protocol was similar to protocols used previously to examine CCE in pulmonary and renal arterial smooth muscle cells (39, 42) . Figure 2 shows that depletion of the intracellular Ca 2ϩ stores results in sustained elevations in [Ca 2ϩ ] i consistent with activation of CCE. As shown in Fig. 2 , in a fetal and adult PASMC, the SR Ca (39) . Average data in Fig. 2C show that CCE is well developed in fetal PASMCs. The average increase in [Ca 2ϩ ] i above basal levels was 64 Ϯ 10 nM (n ϭ 8 cells and 4 animals) in PASMCs isolated from fetal sheep and 50 Ϯ 12 nM (n ϭ 5 cells and 3 animals) in PASMCs from adult sheep. These results are qualitatively similar to those in canine pulmonary and renal arterial smooth muscle cells (39) .
Using experimental and mathematical approaches developed by Bergling et al. (5), we performed experiments to determine whether Ca 2ϩ clearance across the plasma membrane (i.e., cytosolic Ca 2ϩ clearance) was altered with maturation. These analytic techniques do not account for any potential contribution of the mitochondria to the Ca 2ϩ clearance under the experimental conditions performed. This is a reasonable assumption, inasmuch as the data were well fit by a singleexponential curve-fit analysis. These analysis techniques are well suited to our studies, inasmuch as the measurements are expressed in cytosolic volume equivalents (i.e., [Ca 2ϩ ] i ), which allows for comparisons between cells of different sizes. clearance from the cytosol in fetal and adult myocytes from sheep pulmonary arteries. The experimental design entails depletion of the SR Ca 2ϩ stores, activation and measurement of CCE (Fig. 2) , and, finally, removal of extracellular Ca 2ϩ . The rate constant of plasma membrane Ca 2ϩ clearance (m clear ) was determined by fitting the data with an exponential function
The Ca 2ϩ decay curves used to compute m clear (Fig. 3, A Fig. 4A (fetal) and 4B (adult), where extracellular Ca 2ϩ was removed and SERCA was inhibited with 10 M CPA; z 0 was 198 nM in the fetal cell (Fig.  4A ) and 423 nM in the adult cell (Fig. 4B) . Figure 4C shows the mean z 0 , which was 330 Ϯ 80 nM in fetal (n ϭ 18 cells and 5 animals) and 253 Ϯ 60 nM in adult (n ϭ 11 cells and 5 animals) PASMCs.
On the basis of the computations of m clear and z 0 , the SR Ca 2ϩ leak rate [Q(t)] can be computed using the following two relationships (5) ln͓Q͑t͔͒ ϭ Ϫt/ sr (3) with
͔͑t͒ ͮ /z 0 (4) Figure 5 shows representations based on the analysis of Q(t). Semilogarithmic plots of Q(t) for cells from fetal ( nonexponential changes in Ca 2ϩ were observed previously in T lymphocytes (5) . Average data for these curve-fitting analyses are shown in Fig. 5C 
In the present experiments, the Ca 2ϩ influx rates can be evaluated during resting conditions and once CCE is activated. Results of these calculations are shown in Fig. 6 . Figure 6A shows no significant differences between the influx rates under resting conditions: 3. Maturational adaptations in receptor-generated Ca 2ϩ signals. The activities of various neural, humoral, and inflammatory signaling are known to change with postnatal maturation. To evaluate maturational adaptations in inflammatory-mediated processes, we measured the responses to 5-HT. Recordings from fetal and adult PASMCs in Fig. 7 show cytosolic Ca 2ϩ elevations in response to to 10 M 5-HT. Moreover, the results show that 10 M 5-HT elicited Ca 2ϩ increases in far fewer fetal than adult PASMCs (Fig. 7C) Fig. 7D .
To evaluate changes in ryanodine receptor function, we stimulated cells with 10 mM caffeine, a selective ryanodine receptor activator (10, 38, 39) . In and 17 animals) in PASMCs from fetus and 132 Ϯ 19 nM (n ϭ 37 cells and 10 animals) in cells from adult.
We evaluated the potential for maturational-related changes in neural stimulation by measuring the responses to P2 puringeric and ␣-adrenergic stimulation. Figure 9 shows recordings from fetal and adult PASMCs where cytosolic Ca 2ϩ was elevated upon exposure to 100 M ATP. Figure 9C shows that the percentage of PASMCs that responded to 100 M ATP with an increase in Ca 2ϩ was similar in the fetus and the adult: 40 of 51 cells (78%) from 9 fetuses and 35 of 38 cells (92%) from 5 adults showed cytosolic Ca 2ϩ elevations in response to ATP. In contrast to the effects of caffeine, the mean [Ca 2ϩ ] i increase was significantly greater for PASMCs isolated from adults than from fetuses. Figure 9D shows the mean [Ca 2ϩ ] i increase due to ATP stimulation: 79 Ϯ 17 nM (n ϭ 51 cells and 9 animals) and 159 Ϯ 28 nM (n ϭ 35 cells and 5 animals) in PASMCs from fetuses and adults, respectively.
We used the sympathomimetic phenylephrine (PE) to determine whether there were any maturational-related changes in the Ca 2ϩ responses to ␣-adrenergic receptor stimulation. Figure 10 shows recordings from fetal and adult PASMCs upon exposure to 10 M PE. As shown in Fig. 10C , the percentage of PASMCs showing cytosolic Ca 2ϩ elevations in response to 10 M PE was similar in the fetus and the adult: of 46 PASMCs, 19 (41%) cells from 7 fetal sheep showed cytosolic Ca 2ϩ increases to PE, whereas 16 of 28 (57%) cells from 3 adults responded. Figure 10D shows no significant differences in the mean [Ca 2ϩ ] i increase: 44 Ϯ 11 nM (n ϭ 19 cells and 7 animals) and 53 Ϯ 16 nM (n ϭ 16 cells and 3 animals) in fetal and adult PASMCs, respectively.
DISCUSSION
This is the first report to examine regulation of Ca 2ϩ homeostasis with maturation and changes in agonist-mediated Ca 2ϩ signaling in sheep pulmonary arterial myocytes. The findings suggest selective maturational adaptations in 5-HT-, caffeine-, and ATP-mediated Ca 2ϩ signaling in these cells. The data also support the premise that general mechanisms important to regulating cytosolic Ca 2ϩ , including plasma membrane Ca 2ϩ extrusion, SERCA function, SR storage, and CCE, are well developed before birth.
The basal (resting) [Ca 2ϩ ] i provides a generalized measure of the tension that can be developed by Ca 2ϩ under unstimulated conditions and represents the balance of plasma membrane Ca 2ϩ influx relative to Ca 2ϩ extrusion (19, 35, 39) . The similar levels of basal Ca 2ϩ in fetal and adult myocytes suggest similar roles for Ca 2ϩ in resting tone (15) . Apart from [Ca 2ϩ ] i , the Ca 2ϩ stored in the SR plays an important role in the maintenance of basal pulmonary arterial tone and agonist-mediated contractile responsiveness (33, 34, 40) . This is because cytosolic Ca 2ϩ is in dynamic equilibrium with SR Ca 2ϩ , where the continuous leak of Ca 2ϩ from the SR stores is counterbalanced by SERCA-dependent Ca 2ϩ uptake. Previous studies indicate that the functionality of the SR Ca 2ϩ stores can modulate agonist-evoked Ca 2ϩ elevations and, thus, affect arterial tone (34) . Our data (Fig. 4) show that the SR Ca 2ϩ stores are mature before birth, being equivalent in myocytes of fetus and adult. This indicates that any difference in the amplitude of Ca 2ϩ elevations due to agonist stimulation, such as that observed for caffeine (Fig. 8) as well as ATP (Fig.  9) , is likely mediated by changes in the density or subtypes of plasma membrane, as well as intracellular receptors that are expressed, the second messengers generated by stimulated receptors, or the ability of the second messengers to elicit Ca 2ϩ release from the SR stores.
In parallel with the ability of the SR to store Ca 2ϩ before birth, their ability to release Ca 2ϩ is also mature. The findings that similar proportions of fetal and adult cells respond to caffeine (Fig. 8) indicate that ryanodine receptors are developed before birth. The studies also suggest that maturation does not cause any generalized changes in IP 3 -related signaling. Specifically, PE-generated cytosolic Ca 2ϩ increases were unchanged with maturation ( Fig. 10) , suggesting that the functional expression of IP 3 receptors or their open probability is unchanged with maturation and that ␣-adrenergic receptor expression is also unaffected by postnatal maturation. Together, this evidence indicates that neural-dependent regulation of Ca 2ϩ signaling through adrenergic pathways occurs before birth. This suggests that adrenergic-mediated pulmonary arterial tone may also be developed before birth.
The present study demonstrated that caffeine caused substantially greater Ca 2ϩ elevations in fetal than in adult pulmonary arterial myocytes (Fig. 8) . The simplest explanation for this finding is that there are a greater number of ryanodine receptors on the SR of fetal myocytes; however, there are other potential explanations. Ryanodine receptors in the fetus could be more readily activated by caffeine than those in the adult, possibly through enhancement of channel open probability. Also, there could be alterations in the relative expression of the various ryanodine receptor subtypes (i.e., RyR1, RyR2, or RyR3). Similar to our finding, the release of Ca 2ϩ through ryanodine receptors on the SR Ca 2ϩ stores was shown to be greater in PASMCs of the newborn than the adult rabbit (29) . Regardless of the exact changes in ryanodine receptor functionality or expression, these changes may represent important adaptive processes from fetal to adult life. Depletion of the SR Ca 2ϩ stores, with the resultant increase in intracellular Ca 2ϩ , i.e., CCE, provides an estimate of storeoperated channel activity, which often is mediated through activation of NSCC (38, 39) . The results show that CCE is similar in fetal and adult myocytes (Fig. 2) , with the CCE magnitude being similar to that found in canine PASMCs (39) . Development of CCE before birth illustrates that any changes in agonist-elicited Ca 2ϩ elevations due to NSCC during maturation may be due to altered expression or activity of receptorand not store-operated channels.
Serotonergic-mediated Ca 2ϩ signaling develops after birth in sheep PASMCs, inasmuch as there were marked increases in the proportion of PASMCs that exhibit 5-HT-elicited Ca 2ϩ increases in the adult, compared with the fetus. Interestingly, Ca 2ϩ elevations in the responsive fetal cells were similar to those in adult myocytes (Fig. 7) . This was not entirely surprising, inasmuch as there were no differences in the magnitude of the Ca 2ϩ increases due to PE, suggesting that if the 5-HT receptors were fully functional, then the Ca 2ϩ responses were also developed. Similar to the finding of the present study, 5-HT-induced contractility was greater in arteries from adult sheep than from newborn lambs (12) and in adult than in perinatal rabbit pulmonary arteries (25) . In combination, these studies illustrate that changes in 5-HT responsiveness may be a general maturational adaptation that is independent of the species examined. One possible explanation for this phenomenon is that, with maturation, there is an increase in the selective expression of the 5-HT receptors responsible for Ca 2ϩ release. 5-HT-mediated contractility and Ca 2ϩ signaling of pulmonary arteries in the dog is predominantly due to 5-HT 2A receptors (38) . This suggests that, with postnatal maturation, there could be an increase in 5-HT 2A receptor expression in sheep pulmonary arteries, which then leads to a greater proportion of responsive myocytes from adult. It also is possible that postreceptor signaling pathways connected to IP 3 generation are not properly developed before birth, which reduces cytosolic Ca 2ϩ responsiveness. P2 purinergic-mediated signaling is known to undergo postnatal maturation (18, 37) , and ATP is a well-described vasoactive compound in the lung. ATP is released by sympathetic nerve terminals or by mast cells during inflammatory events (1) . In model vascular systems, ATP causes cytosolic Ca 2ϩ elevations through activation of P2X ionotropic receptors and concomitant Ca 2ϩ influx, as well as by stimulation of P2Y metabotropic receptors, which induces IP 3 -generated Ca 2ϩ responses (7, 26) . Given that ATP can activate P2X or P2Y receptors, the present data ( Fig. 9 ) cannot distinguish whether the postnatal maturation of the Ca 2ϩ elevations due to ATP is mediated through changes in the function or expression of either receptor subtype.
The present study provides important details regarding the maturational adaptations in agonist-coupled Ca 2ϩ signaling events in PASMCs. The changes indicate maturation of vasodilatory and vasoconstrictor signaling in the lung, providing information that begins to fill a large gap in our knowledge about the manner in which Ca 2ϩ signaling matures in the pulmonary vasculature and the regulation of pulmonary arterial tone during early development. Collectively, the data provide compelling evidence that maturation results in multifaceted adaptations in the function of PASMCs, which is predicted to have implications for the adaptive processes that occur in response to life outside the womb.
